Parkinson's disease (PD) is a neurodegenerative disease characterized by Lewy body formation and death of dopaminergic neurons. Mutations in ␣-synuclein and parkin cause familial forms of PD. Synphilin-1 was shown to interact with ␣-synuclein and to promote the formation of cytosolic inclusions. We now report that synphilin-1 interacts with the E3 ubiquitin-ligases SIAH-1 and SIAH-2. SIAH proteins ubiquitylate synphilin-1 both in vitro and in vivo, promoting its degradation by the ubiquitin-proteasome system. Inability of the proteasome to degrade synphilin-1͞SIAH complex leads to a robust formation of ubiquitylated cytosolic inclusions. Ubiquitylation is required for inclusion formation, because a catalytically inactive mutant of SIAH-1, which still binds to synphilin-1, fails to promote inclusions. Like synphilin-1, ␣-synuclein associates with SIAH in intact cells, but the interaction with SIAH-2 was much stronger that with SIAH-1. In vitro experiments show that SIAH-2 monoubiquitylates ␣-synuclein. Further evidence that SIAH proteins may play a role in inclusion formation comes from the demonstration of SIAH immunoreactivity in Lewy bodies of PD patients.
P
arkinson's disease (PD) is one of the most common neurodegenerative diseases. It is characterized by loss of dopaminergic neurons in the substantia nigra and the presence of cytoplasmic inclusions called Lewy bodies in surviving neurons (1) . Hereditary PD can be caused by mutations in components of the ubiquitin-proteasome system, such as the E3 ubiquitinligase parkin (2) . Recently, a decrease of proteasomal activity was found in the substantia nigra of PD patients, suggesting that failure of the ubiquitin-proteasome system is involved in the formation of Lewy bodies and death of dopaminergic neurons in PD (3) .
␣-Synuclein is mutated in families with autosomal dominant PD (4, 5) and is a major component of Lewy bodies (6) . Although it is still uncertain whether ␣-synuclein is degraded by the ubiquitin-proteasome system (7, 8) , it was found to be ubiquitylated in purified Lewy bodies (9) . The nature of ␣-synuclein ubiquitylation and the E3 ubiquitin-ligase(s) responsible for its ubiquitylation are still not clear.
We have previously characterized synphilin-1 as a protein that associates with ␣-synuclein and leads to the formation of inclusion bodies when cotransfected with the non-A␤ component (NAC) portion of ␣-synuclein in cultured cells (10) . The interaction between synphilin-1 and ␣-synuclein has been confirmed by several groups (11) (12) (13) . Like ␣-synuclein, synphilin-1 is a presynaptic protein that associates with synaptic vesicles (14) . Additionally, synphilin-1 was shown to be present in many types of cytoplasmic inclusions, where it colocalizes with ␣-synuclein (15) (16) (17) (18) (19) , supporting the idea that accumulation of synphilin-1 and its interaction with ␣-synuclein may be relevant for Lewy body formation and PD. In accordance, synphilin-1 is an intrinsic component of Lewy bodies in PD (20) . Further evidence that synphilin-1 may be involved in PD comes from the finding of a mutation in the gene of synphilin-1 in two patients with PD (13) .
In an attempt to better understand synphilin-1 function, we sought to look for additional synphilin-1 protein partners. We now report that the E3 ubiquitin-ligases SIAH-1 and SIAH-2 (seven in absentia homologues) interact with and ubiquitylate synphilin-1, promoting its degradation through the ubiquitinproteasome system. SIAH-2 binds and monoubiquitylates ␣-synuclein. In addition, SIAH is present in Lewy bodies. Our data indicates a role of ubiquitylation in inclusion body formation with implications for Lewy body generation in PD.
Materials and Methods
Further experimental details are provided as Supporting Text, which is published as supporting information on the PNAS web site.
Coimmunoprecipitation Assays. Transfected HEK 293 cells were incubated with 10 M lactacystin for 12 h and lysed in buffer containing 50 mM Tris (pH 7.4), 140 mM NaCl, 1% Triton X-100, 30 M MG132, and protease inhibitors. Cell extracts were clarified and supernatant was incubated with antihemagglutinin (HA) or anti-myc as described (10) . Immunoprecipitates were washed with lysis buffer containing 500 mM NaCl and detected by Western blot (21) . For ␣-synuclein coimmunoprecipitation with SIAH, 1% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate was substituted for 1% Triton X-100 in the buffer. This condition gave a much stronger coimmunoprecipitation, indicating an inhibitory effect of Triton X-100 on SIAH-␣-synuclein interaction.
In Vitro Ubiquitylation Assays. Synphilin-1 and ␣-synuclein were translated by using TnT wheat germ in vitro translation kit from Promega using [ 35 S]methionine (Amersham Pharmacia). In vitro translated proteins were incubated in reaction medium containing 40 mM Tris (pH 7.6), 5 mM MgCl 2 , 2 mM DTT, 1 mM ATP, 10 mM phosphocreatine, 0.1 mg͞ml creatine kinase, 7.5 g of ubiquitin, 1 g of ubiquitin aldehyde, 100 ng of E1, and 200 ng of UbcH5b. Reactions were incubated at 37°C for 1 h and resolved on SDS͞8% or 12% PAGE gels.
35
S-labeled-synphilin-1 and ␣-synuclein were determined by PhosphorImager analysis.
as chromogen (Biogenex). This substance gives a purple staining that is easily discernible from the brownish neuromelanin. Antibodies against SIAH were used in a 1:10 (H-18; Santa Cruz Biotechnology) and 1:75 dilution (SIAH 990). The specificity of the immunostainings was checked by incubating adjacent sections with anti-SIAH antibody preabsorbed with H-18 peptide or GST-SIAH-1 (amino acids 77-282).
Results
In yeast two-hybrid experiments using the first 227 N-terminal amino acids of synphilin-1, we identified several clones of different sizes that encode for SIAH-1 and SIAH-2 proteins. Due to the high homology of SIAH-1 and SIAH-2, we first characterized the interaction of SIAH-1 with synphilin-1.
We incubated GST-synphilin-1 (amino acids 1-349) fusion protein with extract of HEK 293 cells transfected with HAtagged full-length SIAH-1 construct (Fig. 1A Left) . HA-SIAH-1 specifically interacted with GST-synphilin-1 but not with the control protein GST (Fig. 1 A Left) . Conversely, full-length HA-synphilin-1 expressed in HEK 293 cells specifically interacted with GST-SIAH-1 (amino acids 77-282) but not with control proteins, GST or GST-FKBP12 (FK506-binding protein 12) (Fig. 1 A Right) . To test whether endogenous synphilin-1 interacts with SIAH-1, we carried out a GST ''pull down'' experiment in which full-length GST-SIAH-1 was incubated with adult rat brain homogenate. Indeed, GST-SIAH-1 bound endogenous synphilin-1 (Fig. 1B) . To determine the specificity of the binding, we used full-length GST-␣-synuclein as a positive control and GST-FKBP12 as a negative control. Endogenous synphilin-1 bound to GST-␣-synuclein, but not to GST-FKBP12 (Fig. 1B) . myc-SIAH-1 coimmunoprecipitates with HAsynphilin-1 from HEK 293 transfected cells, but not the unrelated protein myc-FKBP12 (Fig. 1C) . When anti-myc was used to immunoprecipitate myc-FKBP12 or myc-SIAH-1, H Asynphilin-1 was found to be associated only to myc-SIAH-1 (Fig.  1D ). In addition, synphilin-1 specifically coimmunoprecipitated with SIAH-1 from rat brain tissue (Fig. 1E) but not with control beads, indicating that these two protein interact in vivo. Parkin, an E3 ubiquitin-ligase previously shown to interact with synphilin-1 (16) , also coimmunoprecipitated with synphilin-1 under our experimental conditions (Fig. 1C) .
Like SIAH-1, myc-SIAH-2 also coimmunoprecipitated with full-length HA-synphilin-1 in transfected HEK 293 cells (Fig. 7 , which is published as supporting information on the PNAS web site). To map the SIAH-binding domain of synphilin-1, we cotransfected different HA-tagged synphilin-1 truncations into HEK 293 cells with myc-SIAH-2 and carried out coimmunoprecipitation experiments. Only truncations retaining the Nterminal region of synphilin-1 coimmunoprecipitated with SIAH-2 ( Fig. 7) . The minimal region in synphilin-1 responsible for binding SIAH-2 is located on the first N-terminal 227 aa (Fig.  7) . Identical binding pattern was observed with SIAH-1 (data not shown).
In an attempt to determine whether SIAH proteins ubiquitylate synphilin-1, we carried out in vivo ubiquitylation experiments. We cotransfected HEK 293 cells with HA-synphilin-1, myc-SIAH and FLAG-ubiquitin, and immunoprecipitated HAsynphilin-1 with anti-HA antibody. We found that synphilin-1 is equally ubiquitylated by SIAH-1 and SIAH-2, as shown by the significant anti-FLAG immunoreactivity in the form of smear, which is characteristic of polyubiquitylated proteins ( Fig. 2A) . Much less ubiquitylation of synphilin-1 was observed when cells were transfected with the unrelated control protein FKBP12, suggesting that SIAH ubiquitylates synphilin-1 in vivo. Detection of immunoprecipitated HA-synphilin-1 with anti-HA antibody also provided a signal in the form of smear, indicating that synphilin-1 itself is polyubiquitylated (Fig. 8 , which is published as supporting information on the PNAS web site).
To determine the specificity of synphilin-1 ubiquitylation, we carried out in vitro ubiquitylation experiments in which in vitro translated synphilin-1 was incubated with ubiquitin system components (22) . We found that synphilin-1 is significantly ubiquitylated in vitro only in the presence of SIAH-1 or SIAH-2, but not with the control protein GST (Fig. 2B) .
We determined whether SIAH-1 and SIAH-2 promote synphilin-1 degradation by transfecting HEK 293 cells and analyzing the steady-state level of synphilin-1. A significant decrease in the levels of synphilin-1 was observed when synphilin-1 was cotransfected with SIAH-1 or SIAH-2 ( Fig. 3A) . When the proteasome inhibitor lactacystin was added to cells cotransfected with synphilin-1 and SIAH, the amount of synphilin-1 returned to levels similar to that observed in the absence of SIAH (Fig. 3A) . Furthermore, the steady-state level of synphilin-1 was not significantly decreased by SIAH-1 constructs mutated at the RING-finger (C72S and C55A, C59H, C72S) or lacking the RING-finger domain (amino acids 77-282) (Fig. 9 , which is published as supporting information on the PNAS web site). We The converse coimmunoprecipitation experiment was carried out by immunoprecipitation of myc-SIAH-1 from extracts of cotransfected HEK 293 cells using an anti-myc antibody. Coimmunoprecipitation was checked by using an anti-HA antibody. (E) SIAH-1 coimmunoprecipitates with endogenous synphilin-1. Synphilin-1 was immunoprecipitated from rat brain homogenate by using affinity-purified anti-synphilin-1 antibody, and detection of coimmunoprecipitation was carried out by using anti-SIAH-1 antibody (990).
next carried pulse-chase experiments to determine whether synphilin-1 half-life is altered by SIAH. We found that the degradation rate of 35 S-labeled synphilin-1 was significantly accelerated in the presence of SIAH-1 (Fig. 3B) . Thus, reduction of synphilin-1 levels by SIAH is due to increased degradation and not to changes in transcription. Taken together, the data indicate that SIAH proteins promote the degradation of synphilin-1 through the ubiquitin-proteasome pathway.
To determine the cellular effects of ubiquitylated-synphilin-1, we first cotransfected HEK 293 cells with full-length HAsynphilin-1 and myc-SIAH. Immunocytochemistry of cotransfected HEK 293 cells confirmed that SIAH-1 and SIAH-2 promote the degradation of synphilin-1, as observed by the lack of synphilin-1 immunoreactivity in the presence of SIAH proteins (Fig. 4A D-I) . To investigate the effects of proteasomal inhibition, we added lactacystin to cells cotransfected with synphilin-1 and SIAH proteins. We found an extensive accumulation of cytosolic inclusions in lactacystin-treated cells cotransfected with synphilin-1 and SIAH proteins (Fig. 4A M-R) . These inclusions were found in Ϸ80% of transfected cells (Fig. 4B) and were positive for both synphilin-1 and SIAH-1͞SIAH-2. The inclusions were round, had a very bright halo, and frequently appeared as more than one per cell (Fig. 4A M-R and Fig. 4C ). Less than 20% of cytosolic inclusions were observed in lactacystin-treated cells transfected with synphilin-1 alone (Fig. 4B ). When present, these inclusions were usually single per cell and had a much fainter halo (Fig. 4C and data not shown) . Practically no inclusions were observed in the absence of lactacystin in cells transfected with synphilin-1 alone (Ͻ3%, data not shown).
Instead, synphilin-1 was homogeneously distributed throughout the cytoplasm of HEK 293 cells (Fig. 4A A) .
To investigate the role of ubiquitylation in inclusion formation, we made a catalytically inactive mutant of SIAH-1 by deleting the first 76 aa encompassing the RING-finger domain. This construct, however, retained full ability to bind to synphilin-1 ( Fig. 1 A Right) . Lactacystin-treated cells cotransfected with synphilin-1 and inactive SIAH-1 truncation (amino acids 77-282) had practically no inclusion bodies (Fig. 4A S-U and Fig.  4B ), indicating that specific ubiquitylation of synphilin-1 is required for inclusion body formation. This finding is in agreement to the fact that the majority of synphilin-1͞SIAH inclusions were positive for cotransfected FLAG-tagged ubiquitin (Fig.  4D) . Also, endogenous ubiquitin was found to colocalize with synphilin-1͞SIAH inclusions (data not shown). By contrast, we did not observe colocalization of the control protein myc-FKB12 in synphilin-1͞SIAH inclusions (Fig. 4D) . We also found that lactacystin-treated cells cotransfected with synphilin-1 and catalytically deficient triple point mutant SIAH-1 (C55A, H59A, C72S) had much less inclusion body formation, supporting the idea that ubiquitylated-synphilin-1 is important for inclusion body formation (Fig. 4B) . The point mutant of SIAH-1 (C72S) still induced significant inclusion body formation, which is consistent to its residual E3 ubiquitin-ligase activity verified by in vitro ubiquitylation assays (data not shown).
It was recently reported that the peptide motif RPVAxVxPxxR mediate the interaction of SIAH-1 with a range of protein partners (23) . Synphilin-1 also displays the consensus for binding SIAH-1. We now found that mutation in the SIAH-binding domain of synphilin-1 (V79N, P81N) resulted in significant decrease in the interaction with SIAH-1 (data not shown). Also, the levels of round cytosolic inclusions in cells cotransfected with synphilin-1 (V79N, P81N) and SIAH-1 was below the basal with synphilin-1 WT alone (Fig. 4B) . Thus, endogenous SIAH may be responsible for promoting the basal inclusion body formation of synphilin-1 WT in the absence of transfected SIAH-1 (Fig. 4B) . In triple transfected experiment, ⌯〈-␣-synuclein was shown to colocalize with synphilin-1͞SIAH inclusions (Fig. 10A , which is published as supporting information on the PNAS web site). Because parkin ubiquitylates synphilin-1 (16), we examined whether parkin is able to elicit synphilin-1 inclusion bodies. We found no increase in inclusion body formation in cells cotransfected with HA-synphilin-1 and myc-parkin in the presence of lactacystin (data not shown), suggesting that not all forms of ubiquitylated synphilin-1 are able to promote inclusion body formation.
To determine whether synphilin-1͞SIAH inclusions are toxic to cells, we incubated cells cotransfected with humanized recombinant GFP (hrGFP)-synphilin-1 and myc-SIAH-1 in the presence of lactacystin, and measured cell death by propidium iodide staining. Most hrGFPsynphilin-1͞myc-SIAH-1 transfected cells had cytosolic inclusions with a very bright halo. These inclusions appear to be cytoprotective (Fig. 10B) , suggesting that aggregation of ubiquitylated-synphilin-1 may be beneficial to cells.
We next investigated whether synphilin-1͞SIAH inclusions display aggresome properties (24) . We found by immunocytochemistry that synphilin-1͞SIAH inclusions are negative for the centrosome-related protein ␥-tubulin, suggesting that these inclusions are not aggresomes (data not shown). In addition, no significant change in synphilin-1͞SIAH inclusion formation was observed in the presence of the microtubule-destabilizing drug, nocodazole (Fig. 10C) .
We investigated whether ␣-synuclein itself is a target of SIAH. We cotransfected myc-SIAH-1 and SIAH-2 with HA-␣-synuclein into HEK 293 cells. We found that ␣-synuclein strongly coimmunoprecipitates with SIAH-2 (Fig. 5A ). This coimmunoprecipitation was specific because it was not observed with the control protein FKBP12 (Fig. 5A) . By contrast, coimmunoprecipitation of ␣-synuclein with SIAH-1 was faint and only observed after prolonged exposure (Fig. 5A Right, asterisk) . To map the SIAH-binding domain of ␣-synuclein, a series of truncated ␣-synuclein constructs were generated. Coimmunoprecipitation experiments of HEK 293 cells cotransfected with HA-␣-synculein constructs and myc-SIAH-2 indicate that SIAH-2 interacts stronger with the second half of ␣-synuclein (Fig. 11 , which is published as supporting information on the PNAS web site). Cotransfection of HA-␣-synuclein with mycsynphilin-1 and untagged SIAH into HEK 293 cells in the presence of lactacystin did not alter the characteristics and number of inclusion bodies, suggesting that ␣-synuclein neither competes with synphilin-1 for the binding with SIAH-2, nor interferes with synphilin-1 ubiquitylation by SIAH (data not shown).
We next carried out in vitro ubiquitylation experiments in which in vitro translated ␣-synuclein was incubated with recombinant SIAH-2 and purified components of the ubiquitin system. We found that SIAH-2 promotes monoubiquitylation of ␣-synuclein in a specific manner (Fig. 5B) . We did not observe significant degradation of ␣-synuclein when cotransfected with SIAH-2 in HEK 293 cells (data not shown), consistent with the nondegradative role of monoubiquitylation.
To determine whether SIAH is present in Lewy bodies, we first examined the specificity of anti-SIAH antibody (H-18), which recognizes the C terminus of both SIAH-1 and SIAH-2 (Fig. 6A) . H-18 antibody detects SIAH from transfected cells, but does not detect the low levels of endogenous SIAH in Western blot. Nevertheless, H-18 robustly immunoprecipitates SIAH, suggesting that it is much more efficient in the recognition of native instead of denatured protein (Fig. 6A) . Immunohistochemical experiments using H-18 antibody revealed that Ϸ30% of the Lewy bodies from substantia nigra of PD patients were SIAHpositive (Fig. 6B) . SIAH immunoreactivity in Lewy bodies (purple staining, using 3-amino-9-ethylcarbazole chromogen) is specific because no signal was observed when H-18 antibody was preincubated with antigen ( Fig. 6B Lower) . Purified polyclonal anti-SIAH-1 antibody 990 also recognized SIAH present in Lewy bodies (data not shown).
Discussion
Ubiquitin ligases (E3) are responsible for the formation of polyubiquitin chains in substrate proteins, which in general work as a tag for proteasomal degradation (22) . Our data demonstrate that SIAH interacts in vivo with synphilin-1 and promotes its polyubiquitylation and proteasomal degradation by working as an E3 ubiquitin ligase. Ubiquitylation of synphilin-1 by SIAH-1 and SIAH-2 is required for the formation of Lewy body-like inclusions in the presence of proteasome inhibitor. We also found that SIAH-2 interacts with and monoubiquitylates ␣-synuclein. The presence of SIAH in Lewy bodies suggests a role of SIAH in the pathogenesis of the disease.
SIAH proteins have been implicated in a variety of cellular processes, such as apoptosis and tumor suppression (25) . Although the N-terminal region of SIAH encodes for a RINGfinger domain that confers its ability to work as an E3 ubiquitinligase, its C-terminal region encodes for a domain implicated in the binding of different substrate proteins (26) , among them, the presynaptic protein synaptophysin (27) .
Synphilin-1 and ␣-synuclein were previously shown to be localized to presynaptic terminals (14, 28) . Thus, a physiological role of SIAH may be to modulate the turnover and function of presynaptic proteins, such as synphilin-1 and ␣-synuclein.
Dysfunction of the ubiquitin-proteasome system in PD (3) may lead to accumulation of synphilin-1. We found that synphilin-1͞SIAH inclusions are not toxic to HEK 293 cells, suggesting that accumulation of synphilin-1 into inclusions could be cytoprotective. Other E3 ubiquitin ligases, such as parkin and dorfin, were reported to ubiquitylate synphilin-1 but, unlike SIAH, they were not shown to target synphilin-1 for degradation (16, 29) . It is still not clear whether these ligases would be synergic to SIAH in ubiquitylating synphilin-1. Immunohistochemistry experiments were carried out in substantia nigra sections of PD patients by using H-18 antibody. The presence of SIAH in Lewy bodies is shown by a purple staining corresponding to 3-amino-9-ethylcarbazole chromogen. Staining of Lewy bodies is specific because no immunolabeling was observed in the control by using preabsorbed antibody (Lower). Arrows indicate the limits of Lewy bodies. Sections were counterstained with hematoxylin.
It is notable that inclusions are formed in the presence of the proteasome inhibitor in cells cotransfected with synphilin-1 and wild-type SIAH, but much less in those transfected with synphilin-1 alone or with catalytically inactive SIAH (Fig. 4) . This observation indicates that the accumulation of nonubiquitylated synphilin-1, in complex with SIAH, is not sufficient for inclusion body formation, and that ubiquitylation of synphilin-1 has to take place. It is possible that ubiquitylated synphilin-1 has a greater tendency to form aggregates with other proteins than nonubiquitylated synphilin-1. This notion is supported by the observation that proteins linked to polyubiquitin chain are generally more hydrophobic than the same proteins (A. Hershko, personal communication).
Monoubiquitylated proteins are not targeted for degradation by the proteasome system (30) . In agreement with this, the monoubiquitylation of ␣-synuclein by SIAH-2 observed in the present study was not accompanied by degradation. SIAH-1 and SIAH-2 proteins are highly homologous but significantly differ in their N-terminal region before their RING-finger domain (31) . The stronger binding of SIAH-2 to ␣-synuclein (Fig. 5 A) suggests that the N-terminal region of SIAH-2 is important for the interaction. Additionally, ␣-synuclein seems to bind to SIAH-2 more strongly through its C-terminal region.
UCH-L1 was shown to be able to ubiquitylate ␣-synuclein in vitro (32) . Parkin was also shown to ubiquitylate a glycosylated form of ␣-synuclein, but does not act on unmodified ␣-synuclein (33) . Although the relative contribution of the different types of ␣-synuclein ubiquitylation still needs to be addressed, the ubiquitylation of ␣-synuclein promoted by SIAH-2 is similar to the endogenous ubiquitylation pattern observed in biochemically purified Lewy bodies (9) . It is conceivable that synphilin-1͞SIAH inclusions may be relevant for Lewy body formation. SIAH represents a component of the ubiquitin-proteasome system linked to the pathogenesis of the disease.
Recently, Nagano et al. (34) reported that SIAH-1 interacts with and ubiquitylates synphilin-1, which confirms our present results. In addition, we found that both synphilin-1 and ␣-synuclein interact with, and are ubiquitylated by, SIAH-2. Also, we now show that inability of the proteasome to degrade ubiquitylated synphilin-1 leads to robust formation of cytosolic inclusions. Finally, we report SIAH immunoreactivity in Lewy bodies of PD patients.
